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Abstract 
Theoretical and practical research of conditions of interactions of work surfaces of open-quarry locomotives with rails were 
conducted, rational roughness values for rail profiling were defined to reduce the run-in period for wheel-rail pair to improve the 
period of the efficient operation of open-pit railway transport. 
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The concept of the coefficient of friction was first introduced by Leonardo da Vinci (1508). In about 200 years 
(1699), the coefficient of friction was researched by Amonton. The law of friction is often called the law of 
Coulomb who provided an experimental proof that the force of friction is equal to the product of the coefficient of 
friction and the value of normal response of base surface. According to the classical mechanics “the force of friction 
does not depend on the area of contact of conjugated surfaces in fairly broad limits”. 
The modern friction science called TRIBOLOGY developed in work of I.V. Kragelsky, A.V. Chichinadze, D.N. 
Garkunov, N.B. Demkin [1,2] and their students states that the force of friction depends on many physical and 
chemical properties of conjugated surfaces including actual area of contact of conjugated surfaces and their 
roughness. 
To simplify evaluation of surface roughness impact, the scientific literature introduces the concept of complex 
roughness value ¨: 
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where R is the design curvature radius of the asperity tips defined as average value of curvature radius of uneven 
areas in longitudinal and lateral profile charts, prod popR r r  ; hmax — is the elevation of the greatest asperity; b and 
Q  - parameters of asperity base curve; rprod and rpop vertex radius of profile in longitudinal and lateral direction 
accordingly. 
According to molecular mechanics friction theory of I.V. Kragelsky [1], the coefficient of friction of solid bodies 
has two components– molecular component (fmol) depending on molecular impact in contact zone of work surfaces 
of the wheel – rail system and deformation component (fdef), which is currently not possible to evaluate in terms of 
molecular impact due to complex structure of bodies [4]. Therefore, it is defined with special experiments and 
known information about the nature of substance:  
mol deff f f    (2) 
As it has been noted above, surface roughness is characterized with complex roughness value ¨. When this value 
is low, i.e. when surfaces have high purity ratio, the molecular component of the force of friction is the dominating 
factor. Elastic deformations are prevalent in contact zone [1], and therefore the mechanical component of the force 
of friction is low as compared to the molecular component and amounts about  5% of the total coefficient of friction 
[3]. When ¨ is increased, plastic deformations are prevalent in contact zone, the molecular component of the forces 
of friction becomes lower and the main coefficient of friction is provided by mechanical (also called deformation) 
component of the forces of friction. Therefore, it should be noted that purities of similar classes with different 
processing (difference of ¨) have different value of the coefficient of friction [3]. 
Depending on ¨ value, contour load ɪɫ and physical and mechanical properties of contacting materials ( P  – 
Poisson ratio, P =0.3; ȿ – elastic modulus, ȿ = 2.1·105 MPa), the references [1] provide formulas to identify the 
nature of deformation in contact zone: 
- of elastic non-saturated contact 
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- for plastic saturated contact 
0,0625 / 0,32ɫɪ ɇȼ ɇȼDd d ,  (4) 
where D  is the coefficient of hysteresis losses for single-axis strain (stress). For tampered steel D = 0.02 [1].  
Contour load is calculated with the following formula  
 /ɫ ɫɪ N Ⱥ  ,   (5) 
where N – load on one wheel of locomotive, ɇ; Ⱥɫ – contour area of contact of wheel with rail. According to 
experimental data [5], for the load of 135 000 N (with axial load of 270000 N typical for open pit locomotives) Ⱥɫ = 
390 mm2, then ɪɫ = 346.2 N/mm2. 
The author’s calculations show that for surface purity class Rz6.3 ( 7) and higher deformations have elastic non-
saturated nature and for roughly treated surfaces of purity class Rz 20 ( 5) and lower interaction has the indications 
of plastic saturated contact. Therefore, coefficients of friction for elastic non-saturated contact and plastic saturated 
contact are calculated with the below formulas accordingly [1]: 
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where W 0 is the tangential shearing strength of the adhesion bond (Tangential strength of adhesion bond – contact 
shearing strain caused by molecular interaction in zones of actual contact [1]); E  is the pressure coefficient of the 
molecular component of friction [6], characterizing the increase of shearing strength at normal pressure [7]; efD §2,5
D  – coefficient of hysteresis losses at rough sliding, D  = 0.02 [1] ɇȼ – material hardness. 
ɋoefficients W 0 and E  values are identified through experimental research. For rough steel surfaces W 0= 1256 
MPa (plastic contact), for pure steel surfaces W 0 = 8400 MPa (elastic contact), E =0.072 [1, 8].  
Theoretical and experimental research done in works [2, 9] has established that when rough surfaces contact, 
protrusions of the harder surface integrate with the softer surface. As rail steel hardness is a bit higher than that of 
the wheel tire, it is possible to use rail steel specimen for further research [2, 9].   
To clarify design values of friction coefficients within the course of interaction of locomotive wheel and rail with 
different wear level, we have prepared profile charts of rolling surface specimens of R65 rails. For research we have 
prepared 25 specimens of different roughness in the range from Rz 1,322  ɞɨ  Rz 320 (25 total) of rail samples with 
different roughness, including rails dismantled during replacement of the upper track structure at Borodinsky quarry 
of SUEK company (Krasnoyars). Research has been done using technique proposed by the manufacturing plant 
producing “Profilometer mod. 130” unit, accuracy level 1, TU 3943-001-7028127, specified in technical passport 
130.0.01- PS, with consideration of recommendations provided by GOST 16263 – 70 and references [10].  
Samples of typical profile charts are provided on Fig. 1.  
 
Fig.1. Samples of typical profile charts of work surfaces of rails: a) Rz 76.5 ( 3),   b) Rz 26,8 ( 5),  c)  Rz 3,99 ( 8). 
Method specified in reference [11] uses Student and Fischer criteria for evaluation. The calculations show that 
authenticity of results meets Student criteria for normal law of distribution (Student criteria) and that accuracy of 
produced data under Fischer’s criteria is 0.95. Calculation results are provided in table 1. 
Table 1  Characteristics of profile charts of work surfaces of rails 
Rz, microns Ra, microns hmax R,microns b Q  ¨ Notes 
320 - 380 16,23 0,62 1,6 31,6 
Minimum roughness 
(under GOST 2789-73) 
76,5 12,5 94 197,5 0,89 1,629 51,13·10-2 New profiles 
26,8 3,2 28,2 218 0,94 1,228 13,65·10-2 Rational roughness 
3,99 0,78 4,55 793 1,78 1,83 4,2·10-3 Work profiles 
1,322 0,367 2,015 2284 1,3 1,34 0,73·10-3 Work profiles 
R, b  and Q  parameters are calculated with technique specified in [2].  
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Basing on research completed with formulas (6) and (7), we can conclude that at high surface purity grades (i.e. at 
low roughness) the coefficient of friction and accordingly the adhesion coefficient will reduce with increase of axial 
loads, and for roughly processed surfaces the coefficient of friction and accordingly the adhesion coefficient will rise 
with increase of axial loads.  
To define the nature of changes of the friction coefficient for the roughness range of work surfaces of the wheel – 
rail system, we calculate their values using formulas (6) and (7). Calculation results are provided in table 2. 
Table 2.Coefficients of friction depending on characteristics of interacting surfaces 
Purity class 
Coefficient of friction f 
(ɇȼ380) 
Actual area of . 
cont, mm2 
Type of contact Complex value Profile type 
Rz 320 *) - - 31,6 - 
Rz 80 0,996 25,3 Plastic saturated 5,1·10-1 New 
Rz 20 0,535 47,5 Plastic saturated 13,65·10-2 Processed with rat. Roughness 
Rz 3,2 0,478 22,9 
Elastic 
. 
4,2·10-3 Run-in 
Rz 0,8 0,581 - Elastic 0,73·10-3 Run-in 
 *) With this roughness contact is not feasible due to significant local stresses in the zone of interaction between the tire and the rail. 
Fig. 2 shows the dependence of changes of the friction factor on the complex roughness value ¨ with axial load of 
270 kN, typical for open-pit railway transport. The analysis of dependence of change ftr  on ¨ shows that on 
transition from elastic contact (zone Ⱥȼ) to plastic contact (zone ȼɋ) the coefficient of friction goes over minimum 
(point ȼ). Point ȼ of the chart is the extremum point of function ftr, corresponding to the minimum value of the 
coefficient of friction and accordingly the coefficient of locomotive wheel adhesion to rail.  
In machine building industry in design of friction nodes to reduce wear and increase longevity, e.g. for sliding 
bearings, for which the main criteria is minimization of the coefficient of friction. Numerous research shows that on 
the end of the run-in period at constant work conditions interacting surfaces have equal balanced roughness values 
that do not depend on value and nature of initial roughness and depend on wear conditions [9]. 
 
Fig. 2. Dependence of the coefficient of friction on complex roughness value: I – design, II - approximated 
The main criteria of efficient operation for the wheel-rail pair is the coefficient of adhesion proportional to the 
coefficient of friction. Therefore, to provide normal work environment, it is necessary to establish such level off 
roughness for active surfaces that will provide the main function of the wheel-rail system, i.e. torque transfer from 
wheel to rail and corresponding traction force of the locomotive.  
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Establishing rational roughness of work surfaces of the wheel-rail pair will enable theoretical forecast of the 
expected design value of the coefficient of adhesion of the quarry locomotive.  
Considering the results of experimental research [12], it should be noted that at low values of ¨, i.e. at high purity 
of contacting surfaces at identical interaction conditions, the temperature in contact zone is much higher than during 
interaction of roughly processed surfaces. On the other side, considering operation conditions of quarry locomotives 
(i.e. increased transport incline angles), the probability of increased  rate of wheel burn is not zero, and such 
wheel burn will result in additional temperature increase in the contact zone of the wheel-rail system and increased 
intensity of wear processes. Therefore, it is possible to limit the roughness of contacting work surfaces with Rz 40 – 
20 micron ( 4 -  5) purity class,  unlike standard GOST purity level - Rz 80 – 40 microns ( 3 -  4),  (zone 2, 
figure 2). The coefficient of friction may vary in the range 0.43 – 0.535 (zone 1, figure 2). The author considers it 
feasible to call such roughness of interacting surfaces of the wheel-rail system of open-pit locomotives rational 
roughness.  
Analyzing the chart on fig 2, we can assume that the coefficients of friction from 0.43 to 0.535 can be achieved 
with higher purity of interacting surfaces (left part of the chart). However, as the contact of rough surfaces has 
discrete nature, as shown by the author’s research [13], at high purity of interacting surfaces that actual area of 
contact is lower than for roughly processed surfaces (at identical operating environments). This can be explained by 
the fact that due to wear curvature radius values of asperity tips of pure surfaces are much greater than those of 
rough surfaces. Therefore, rough surfaces have more points of contact per a contact area unit, and therefore the 
traction force dependent on the coefficient of friction will be greater [1, 2, 14]. It is confirmed by molecular and 
mechanical theory of friction of I.A. Kragelsky [1], according to which the force of friction ultimately depends on 
the actual area of contact of interacting surfaces. 
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